To examine the population structure of the Japanese eel Anguilla japonica, mitochondrial DNA sequence analysis was made for various samples of glass eels that might reflect genetic characteristics of spawning aggregates. The mitochondrial DNA from a total of 51 glass eels collected at Tanegashima Island, Kanagawa and Ibaraki in different periods within an inshore migrating season was sequenced for a 615 base-pair fragment from the tRNA Thr gene to the central part of the control region. The DNA region was so variable that no individual was found to possess the same sequence, although average sequence differences within samples (1.07-1.63) were not large. Average sequence differences between samples (1.22-1.57) were comparable to those within samples, suggesting no genetic heterogeneity among samples. Tree analysis of the sequences showed neither a geographical nor temporal structure of population. Furthermore, although all DNA sequences from the present study were different from one another, two sequences were found to be the same with those reported from individuals collected in different localities in different years. Altogether, the present mitochondrial DNA sequence analysis of glass eels did not provide any evidence for genetic subdivision of the Japanese eel population.
INTRODUCTION
The Japanese eel Anguilla japonica, one of the most important fishery resources in Japan, is generally assumed to be composed of a single population as for the American and European eels. 1, 2 The spawning ground of the Japanese eel is inferred to be a small restricted area in the North Equatorial current (west of the Mariana Islands near 15°N and 140°E). 3 However, neither mature adults nor eggs have so far been collected and/or observed around the inferred area. The foregoing otolith studies of the Japanese eel revealed that the spawning period of the fish continued for more than 7 months, and also the early born eels migrated and recruited to freshwater habitats of lower latitudes at the earlier season of their inshore migration period. 4 Therefore, the possibility of the existence of plural populations with different spawning timings could not be ruled out for the Japanese eel. Indeed, a suggestion of the existence of plural populations has been made on the basis of the observation of a geographical cline of allele frequency at some isozyme loci at the glass eel stage, 5 although a recent mitochondrial DNA (mtDNA) analysis of elver eels could not find any genetic difference among samples. 6 In recent years, the catch of glass eels has decreased drastically. 7 Because the production of artificial seedlings is still unsuccessful, 8 the wild glass eels are the exclusive source of eel aquaculture. The aquacultured eels support most of the huge consumption of eels in Japan. Over-fishing as well as pollution and degradation of freshwater habitats are assumed to be the reasons for the decrease of glass eels. 7 At any rate, it is important to clarify the population structure of the Japanese eel for rational stock management and enhancement. 10 Sequence data from these glass eels were compared with the previous data by Sang and others, 6 which were reported for 31 elvers of A. japonica collected from Seto Inland Sea, Taiwan and the southern area of China between November 1990 and February 1993 (except for one individual which was collected in 1987). These elvers were estimated to be born in the following 5 years: 1986, 1989, 1990, 1991 and 1992 , because the Japanese eel pass the elver stage in their first winter. 10, 11 Therefore, these elvers were considered to belong to the different cohorts from glass eels in our samples (Table 1 ).
In the present study, we carried out molecular analysis of A. japonica, taking into account the difference of spawning timing, 9 which was not considered in both the previous two molecular studies. 5, 6 For this purpose, we focused our present research on glass eels, which might reflect the genetic characteristics of spawning aggregates. We collected glass eels at different localities in earlier sampling timing within an inshore migration season. Then, we examined the spatial and temporal genetic constitution of the glass eel samples through mtDNA sequence analysis. We also compared nucleotide sequences of individuals born in different years using data from this and previous studies.
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MATERIALS AND METHODS
Samples
We examined a total of 51 glass eels of A. japonica collected from Tanegashima Island in Kagoshima, Kanagawa and Ibaraki during one fishery season, which closely corresponded to one inshore migration season, of glass eels ( Fig. 1 ; Table 1 ). These individuals were grouped into the following four samples according to the sampling locality and date: TNG (n = 18, collected from Tanegashima Island, 6 November 1988), KNG/early (n = 7, Kanagawa, between 30 November 1988 and 5 December 1988), KNG/late (n = 14, Kanagawa, 15 and 16 March 1989) and IBR (n = 18, Ibaraki, 4 February 1989). These glass eels were fixed in 10% formalin medium for several hours, then transferred and preserved in 99% ethanol until genetic analysis. Otolith analysis revealed that all these glass eels were born from July to November 1988, and their ages at recruitment were approximately 120 days 
Amplification and sequencing method of the mtDNA
Total genomic DNA was obtained from muscle tissues of glass eels. Tissues were digested with proteinase K in a buffer of 10 mM Tris-HCl (pH 7.5) with 125 mM NaCl, 50 mM EDTA, 8 M urea, and 1% SDS at room temperature. Proteins and lipids were removed with phenol-chloroform-isoamyl alcohol (25 : 24 : 1). A fragment of the mtDNA including the tRNA Thr and tRNA Pro genes and a part of the control region was amplified by the polymerase chain reaction (PCR) with a pair of primers, L15774 (5¢-ACATGAATTGGAGGAATACCAGT-3¢) 12 and H16498 (5¢-CCTGAAGTAGGAACCAGATG-3¢). 13 The PCR amplifications were carried out in a thermal cycler 9700 (Applied Biosystems, Foster City, CA, USA) under the following conditions: initial 2 min denaturation at 94°C, and 35 alternating cycles of 15 s at 94°C for denaturation, 15 s at 52°C for annealing, and 30 s at 72°C for extension. A total of 3-4 mL of each PCR product was used for 1% agarose gel electrophoresis for verifying the amplified fragment length with a standard size marker (ØX 174 Hinc II digest; Takara Co., Tokyo, Japan) that was then visualized with ethidium bromide under ultraviolet light. Then, the rest of the PCR products were purified through the filtration by Microcon-100 (Amicon Inc., Bedford, MA, USA). These purified products were used as the template DNA for cycle sequencing reactions performed using Dye Terminator Cycle Sequencing FS Ready Reaction Kits (Applied Biosystems), and run on an ABI 373s DNA Sequencer (Perkin-Elmer Corp.). The primers used for sequencing were the same as those for PCR amplification.
Sequence analysis
All sequences were aligned, first using the alignment software package   , 14 and then refined by eye using the  program (Hitachi Software Engineering Co. Ltd, Tokyo, Japan). Average sequence differences within or among samples were calculated from pairwise sequence differences obtained by  version 3.0s. 15 Kimura's two-parameter distances were also obtained by the Dnadist program in the  package. 16 All types of variation were treated equally, when the pairwise sequence differences were calculated. Spatial and temporal genetic heterogeneities were evaluated through the comparison of average sequence differences within and among samples, and were statistically tested by the 10 000 times Fst permutation test using Arlequin ver. 1.1. 17 Relationships between haplotypes were determined with Kimura's two-parameter distance matrix using the Neighbor program in the  package.
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RESULTS
Sequence variation
The sequence of a 615-bp segment, which contains the most part of the tRNA Thr gene (77 bp), the complete tRNA Pro gene (72 bp) and a part of the control region (466 bp), was determined for 51 glass eels. Through the comparison of all sequences, a total of 89 (14.5% in 615 bp) variable positions including 39 (6.3% in 615 bp) phylogenetically informative positions were observed without insertions or deletions; seven of these being in the tRNA Thr gene (9.1% in 77 bp), one in the tRNA Pro gene (1.4% in 72 bp), and 81 in the control region (17.4% in 466 bp) (Fig. 2) . All sequences were different from one another, and the number of nucleotide differences between all the sequences varied from 1 (0.16%) to 16 (2.60%).
Spatial and temporal genetic heterogeneity
In order to evaluate the spatial or temporal genetic heterogeneity in the Japanese eel, average sequence differences within and among four glass eel samples were compared ( Table 2 ). The average sequence differences within samples (%) varied from 1.07 in KNG/late to 1.63 in TNG, and those among samples from 1.22 between KNG/early and KNG/late to 1.57 between TNG and IBR (Table 2) , showing no marked difference between withinand among-sample values (10 000 times Fst permutation test, P > 0.05). When the sequences were reorganized to three samples (Ibaraki, Kanagawa and Tanegashima Island) according to locality, the result was similar to that above, with the range of average sequence differences within samples (%) being from 1.16 to 1.63 and the range among samples from 1.35 to 1.57.
To examine temporal genetic heterogeneity further, the average genetic divergences were recalculated considering sampling season. Because individuals of TNG and KNG/early were collected in the early fishing period (in November and December) and those of IBR and KNG/late were collected in the late period of the same season (in February and March; Table 1), the former two samples (TNG and KNG/early) were grouped and treated as the early sample, and the latter two samples (IBR and KNG/late) as the late sample, for the re-calculation. The average sequence differ- 
Geographic distribution of haplotypes
While all mtDNA sequences from glass eels were different from one another as mentioned above, the same sequences were found when data from elver eels by Sang and others 6 were added. Through the sequence comparison of all glass and elver eels, a total of 116 variable sites were observed: 54 of them found only in glass eels and 26 only in elver eels. A total of 82 mtDNA sequences of glass and elver eels were assigned into 79 haplotypes, with three pairs of the same sequence. The sequence of a glass eel (KNG/early 2) collected from Kanagawa (born in 1988) was the same as that of an elver eel collected from southern China (born in 1986). 2 In addition, the sequence of a glass eel (IBR-12) from Ibaraki (born in 1988) was the same as that of an elver eel from Seto Inland Sea (born in 1989). 6 Two elver eels from Taiwan found to have the same mtDNA sequence were estimated to be born in different years (1989 and 1990). 
Phylogenetic relationships of haplotypes
The phylogenetic tree of the mtDNA haplotypes from all glass and elver eels was constructed on the Kimura's two-parameter distances with the neighbor-joining approach 18 (Fig. 3) . Any long internal branches could not be found. There was no branch supporting association with geographic location or sampling season.
DISCUSSION
Genetic variability
The control region of the mitochondrial DNA has been known to be very variable and thus has been used for analysis of populations in various fishes. 6, [19] [20] [21] [22] [23] Frequency of variable sites in the control region of the Japanese eel was previously reported as 11% for elver eels by Sang and others. 6 The present study for glass eels gave the frequency as 17%. The somewhat larger value in this study would be attributable to the relatively larger number of individuals examined; 51 eels in this study versus 31 in the previous one. 6 The frequency of variable sites in the Japanese eel (17%) is somewhat lower than those in other fishes such as the swordfish Xiphias gladius (29%), 19 Japanese flounder Paralichthys olivaceus (36%), 20 ayu Plecoglossus altivelis (25%) 22 and red sea bream Pagrus major (24%). 23 Most individuals (96%) in the Japanese eel analyzed in both the present and previous studies (n = 82) have different haplotypes from one another. This value is comparable to those in the swordfish (62%, n = 112), 19 Japanese flounder (98%, n = 55) 20 and ayu (90%, n = 105). 21 The average sequence differences in the control region of the has been recovered and expanded after the last bottleneck.
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Population structure
If there is any spatial or temporal genetic heterogeneity in this species, the level of genetic difference between individuals of different samples would be expected to be higher than that within samples. However, the range of genetic differences Japanese eel (1.1-1.6%) are, however, considerably lower than those of the swordfish (3.8%), 19 Japanese flounder (4.3%), 20 ayu (2.2-3.2%) 21, 22 and red sea bream (2.7-2.8%). 23 These comparisons indicate that the Japanese eel has various haplotypes, as many as other fishes, but the frequency of variable sites and degree of sequence difference among haplotypes are relatively lower than those in other fishes. This variability pattern may imply that the Japanese eel population experienced bottlenecks in the past but its population size Table 1 for sample codes. Data of the fish from Seto Inland Sea, Taiwan and China were from Sang and others 6 (accession numbers in the DDBJ/EMBL/GenBank database:
M95867-M95887, L13335-L13337, L13366-L13372, respectively).
within samples of glass eels covered that among samples and no meaningful difference was found between them. This result of the present study therefore provides no support for the existence of spatial or temporal genetic heterogeneity in the Japanese eel.
The fact that although most eels had different mtDNA haplotypes the same mtDNA haplotypes were observed in different sampling areas or years and this also appears to be inconsistent with the multiple population model. It is noted in particular that the same haplotype was found even in a pair of individuals from the two extremes of the eel's distribution, Kanagawa and South China (Table 1 ). This may be regarded as evidence for wide dispersion of the descendants, even though not the direct offspring, of one female.
The present results are not in agreement with Chan and others' 5 suggestion of genetic heterogeneity of A. japonica based on their observation of a geographical cline of allele frequency at some isozyme loci. In the American eel A. rostrata, which is also considered to be composed of a single population, 2 a geographical cline was also found at a few isozyme loci. 26, 27 The cline was assumed to result from natural selection after entering into the freshwater habitats. 26, 27 A similar mechanism could be proposed for the clines in A. japonica. Recently, it has been found that the condition factor was different between glass eels collected at Fukuoka in early and late recruitment seasons; the condition factors of the former group were higher than those of the latter (Mochioka T, pers. comm., 1999). In Chan and others' 5 allozyme analysis, glass eels were generally collected in the early recruitment season for the low latitude samples, and in the late season for the high latitude samples. The condition factors would be different between these samples. Isozyme loci, the cline being observed, were the NADP-isocitrate dehydrogenase-1 and 6-phosphogluconate dehydrogenase. These enzymes generate NADPH, an important coenzyme for fatty acid synthesis. 5 The geographical cline observed at these loci of the Japanese eel might also reflect natural selection within a generation.
In summary, the present mtDNA analysis of glass eels gives no evidence for genetic subdivision of A. japonica. It is premature, however, to conclude that the Japanese eel is composed of a single panmictic population. This is partly because there is a possibility that the present mtDNA analysis is not sensitive enough to disclose subtle genetic differences. With less sensitive genetic markers, marked genetic differentiation would not necessarily be observed, even when there are multiple populations, if their origins are recent or some degree of gene flow has continued to exist among them. Therefore, it is necessary to investigate the population structure of the Japanese eel using more DNA markers with much variability (such as microsatellite DNA) than the control region of the mtDNA. Furthermore, recently we had an unexpected finding that there are many eels that never enter into the freshwater habitats and spend their whole life in the marine waters. [26] [27] [28] The future detailed genetic investigation should include an examination of the genetic relationship of these 'marine' eels to the usual freshwater eels.
